Abstract. Edge detection produces a set of points that are likely to lie on discontinuities between objects within an image. We consider faces of the Gabriel graph of these points, a sub-graph of the Delaunay triangulation. Features are extracted by merging these faces using size, shape and color cues. We measure regional properties of faces using a novel shapeadaptive sampling method that overcomes undesirable sampling bias of the Delaunay triangles. Instead, sampling is biased so as to smooth regional statistics within the detected object boundaries, and this smoothing adapts to local geometric features of the shape such as curvature, thickness and straightness. We further identify within the Gabriel graph regions having uniform thickness and orientation which are grouped into directional features for subsequent hierarchical region merging.
Introduction
Perceptual organization (aka grouping and segmentation) is a process that computes regions of the image that come from different objects with little detailed knowledge of the particular objects present in the image [9] . One possible solution to the image segmentation problem, which requires to construct a partition of the image into perceptually meaningful parts, is to perform it subsequently to edge detection [27, 16, 26, 1] . Early works in computer vision have emphasized the role of edge detection and discontinuities in segmentation and recognition [19, 18, 29] . This line of research stresses that edge detection should be done at an early stage on a brightness, colour, and/or texture representation of the image and segmentation (likewise other early vision modules) should operate later on [17] .
An edge detector [30, 6 ] yields a set of pixels which are likely to lie on object boundaries, but the union of these pixels may not form complete boundaries that partition the image [5] . The goal of the segmentation is to then complete the object boundaries by linking pixels together into closed loops [16, 25, 2] . A wellknown solution to this problem is to consider the output of the edge detector as a real-valued function (e.g., magnitude of the image gradient) and then perform the watershed transform [28, 12, 11] . This produces a so-called over-segmentation, a partition of the image that contains too many regions, but from which the desired segmentation can hopefully be obtained by region merging.
A number of methods have been presented which work with a binary edge detector, one which indicates that a pixel is or is not to be treated as part of an object boundary. One strategy is to employ the Delaunay triangulation of the edge pixels and then select some subset of the triangle edges to complete the object boundaries. Criteria for selecting this subset include region properties such as triangle size and average of color [14, 15] , or contour properties such as continuity of direction [23, 22] .
In this paper we improve upon existing methods in two ways. First, we propose a method for shape-adaptive sampling of regional properties (e.g. color) that simultaneously smoothes properties within objects and sharpens them across object boundaries. Second, we incorporate directionality information into the regional properties, not just contour properties, to extract long, straight features of nearly-constant thickness. These two components are incorporated into a pre-segmentation method that parses the image into visually significant regions which are then combined into a hierarchy by merging.
Background
We begin with an edge detector, a method for identifying those edge pixels which are likely to coincide with the boundaries of objects depicted in an image. Edge detection is a well-studied problem and an active area of research [20] . We use the Canny detector [3] although we do not rely on any particular properties of this detector and the general strategy presented here is applicable to any detector. For clarity we call the set of points produced by the edge detector edgels, whereas a line segment between two such points is an edge.
Proximity is paramount among the cues responsible for grouping edgels into salient object contours [7] , and so proximity graphs such as the Delaunay triangulation and Gabriel graph provide good candidate edges for completing object boundaries. The Delaunay triangulation of a point set P ⊂ R 2 is a triangulation of the convex hull of P such that the interior of every triangle's circumcircle is disjoint from P . The Gabriel graph is a sub-graph of the Delaunay triangulation containing every edge that is a diameter of a circle whose interior is disjoint from P . For uniformity we also refer to this circle as the edge's circumcircle, with circumradius equal to half the edge's length. More complete definitions of these constructions can be found in the text by Goodman & O'Rourke [10] .
Let D P (x) = min p∈P x − p , the distance from a given point to the closest member point in the set P . Taken as an elevation map, the faces and edges of the Gabriel graph are uniquely identified with peaks and saddle points of D P (x), respectively [8] . A Gabriel face f contains a point m which is a local maximum of D P , maximally far from all the nearby points P and hence considered to lie in the middle of the shape defined by P . The value of D P gives the local width of the shape, which is the radius of the largest circumcircle of any triangle in the Gabriel face. We define the thickness of a Gabriel face to be twice this radius, equal to 2D P (m). Figure 1 illustrates a Delaunay triangulation (dashed lines) and the Gabriel graph embedded within it (solid lines.) The circles labeled f and g are the largest that can fit inside their respective Gabriel faces and so define the thickness of those faces. If we consider both faces as parts of the whole shape,
